Abstract. Masses, widths and photocouplings of baryon resonances are determined in a coupled-channel partial-wave analysis of a large variety of data. The Bonn-Gatchina partial-wave formalism is extended to include a decomposition of t and u exchange amplitudes into individual partial waves. The multipole transition amplitudes for γp → pπ 0 and γp → nπ + are given and compared to results from other analyses.
Introduction
The spectrum of baryon resonances is expected to be very rich and considerably more complex than the mesonic excitation spectrum. Yet, experimentally, the number of known light-quark mesons exceeds by far the number of known baryon resonances [1] .
In quark models [2] [3] [4] , most high-mass baryon resonances are only weakly coupled to Nπ [5] , and can thus not been seen in elastic πN scattering experiments. For inelastic reactions like πN → ηN , πN → KΛ, πN → KΣ, data with a polarized target are missing, and data on differential cross-sections have low statistics, and are often inconsistent when different experiments are compared. States weakly coupled to the πN channel may thus have escaped identification. The situation was aggravated by a recent analysis of a large body of πN elastic and charge exchange scattering data in which many of the less established nucleon and Δ-resonances were not confirmed [6] .
Other interpretations of the baryon spectrum exist as well. Very popular are diquark models [7] [8] [9] [10] in which one quark pair is frozen and in which the number of predicted states decreases. Further, we mention approaches based on chiral Lagrangians in which low-lying baryon resonances are generated dynamically. In many cases, these calculations offer a consistent description of resonance properties and scattering data (see, e.g., [11] ) but so far, they do not give a survey of all resonances to be expected. Often discussed is the conjecture that chiral symmetry might be restored in high-mass meson and baryon resonances [12, 13] . The conjecture gives an attractive interpretation of one experimental observation, that resonances show up as parity doublets or even higher multiplets. It fails to predict at which mass resonances should be found and, expera e-mail: klempt@hiskp.uni-bonn.de imentally, all meson and baryon resonances on the leading Regge trajectory have no parity partner. The AdS/QCD model describes QCD in terms of a dual gravitational theory [14, 15] ; with some phenomenological adjustments, it is surprisingly successful in predicting the baryon mass spectrum and the number of expected states [16, 17] . It also predicts where parity multiplets should occur and where they should not. Reviews of baryon spectroscopy can be found in [18] [19] [20] .
A decision which of the above approaches provides the most accurate representation of Nature requires a better experimental knowledge of the excitation spectrum. The limitations of the current data base on light-quark baryons is the stimulus for experiments studying baryon resonances in photoproduction of complex final states where the πN channel can be avoided in both the initial and the final state. The analysis of multibody final states including fermions is complex; in order to compare different approaches and to identify possible problems, a common meeting ground is needed. This is provided by the simplest photoproduction reactions, by γp → pπ 0 and γp → nπ + . In this paper, we give masses, widths, photocouplings, and Nπ decay branching ratios for the most important contributing resonances and compare our pion photoproduction and helicity amplitudes to those obtained by SAID [21], MAID [22] and within the Gießen model [23, 24] . The fits are based on a large number of data sets and include data with multibody final states. The study thus shows to which extent multibody final states are compatible with the best-studied Nπ system.
Data used in the fits
A large number of reactions is used in the truly coupledchannel fits presented here. The data cover elastic πN scattering as well as inelastic reactions, they cover differential cross-sections and single and double polarization variables. Reactions with multibody final states are included exploiting an event-based likelihood method. Different data sets often have a very different statistical power. Weights w i are introduced to force the fit to take into account highly significant but low-statistics data, e.g. beam asymmetries. Without these weights, polarization data often have too small an impact on the fit result. The weight of a newly introduced data set is increased when the fit is visually unacceptable, or decreased until first discrepancies between data and fit become apparent.
Elastic πN → πN scattering
In the analysis presented here, data on elastic πN scattering (charge exchange is implicitly included) are not used directly. Instead, we rely on the detailed work of the George-Washington Center for Nuclear Studies [6] and use, for energies up to 2.2 GeV, their scattering amplitudes.
The reaction π − p → ηn
The inelastic π − p scattering process leading to the nη final state was reported from several experiments [25] [26] [27] [28] and [29, 30] . Above 1.8 GeV, large discrepancies between the data [27, 30] show up. The data from [29] cover extreme backward angles and are partly incompatible with all other results. A critical discussion of the available data can be found in [31] . We use here the data from [26, 28] (see table 1) which show better consistency. In the low-energy region, up to ∼ 1.5 GeV in mass, very precise data from BNL are available [32] . These data are included in an event-based likelihood fit (see table 2 ). The likelihood values have no direct significance; only likelihood difference can be related to probability changes when particular contributions are removed from the fit. To demonstrate the quality of the description we have constructed for every energy of the initial pion m 
Photoproduction of single neutral pions off protons
References to the data on the reaction γp → pπ 0 and their χ 2 contributions are collected in 
